Mutations in human FYVE, RhoGEF, and PH domain-containing 1 (FGD1) cause faciogenital dysplasia (FGDY; also known as Aarskog syndrome), an X-linked disorder that affects multiple skeletal structures. FGD1 encodes a guanine nucleotide exchange factor (GEF) that specifically activates the Rho GTPase CDC42. However, the mechanisms by which mutations in FGD1 affect skeletal development are unknown. Here, we describe what we believe to be a novel signaling pathway in osteoblasts initiated by FGD1 that involves the MAP3K mixed-lineage kinase 3 (MLK3). We observed that MLK3 functions downstream of FGD1 to regulate ERK and p38 MAPK, which in turn phosphorylate and activate the master regulator of osteoblast differentiation, Runx2. Mutations in FGD1 found in individuals with FGDY ablated its ability to activate MLK3. Consistent with our description of this pathway and the phenotype of patients with FGD1 mutations, mice with a targeted deletion of Mlk3 displayed multiple skeletal defects, including dental abnormalities, deficient calvarial mineralization, and reduced bone mass. Furthermore, mice with knockin of a mutant Mlk3 allele that is resistant to activation by FGD1/CDC42 displayed similar skeletal defects, demonstrating that activation of MLK3 specifically by FGD1/CDC42 is important for skeletal mineralization. Thus, our results provide a putative biochemical mechanism for the skeletal defects in human FGDY and suggest that modulating MAPK signaling may benefit these patients.
Introduction
In 1970, Aarskog described an X-linked recessive syndrome characterized by an upturned nose, short stature, multiple dental defects, delayed skeletal age, and multiple bone malformations (1, 2) . Later work confirmed these observations, naming the disorder faciogenital dysplasia (FGDY) or Aarskog-Scott syndrome and identified the gene mutated as FYVE, RhoGEF, and PH domain-containing 1 (FGD1) (3) . FGD1 encodes a member of the guanine nucleotide exchange factor (GEF) family, which catalyses the exchange of GDP for GTP and promotes the activity of Rho family GTPases (3) (4) (5) (6) . More than 16 distinct FGD1 mutations have been reported to cosegregate with FGDY. These mutations include deletions and premature truncations, implying that a loss of FGD1 function underlies FGDY (6, 7) . Despite these insights into the genetic basis of FGDY, it remains unclear how FGD1 affects bone development.
Expression analysis demonstrates that FGD1 is highly expressed in osteoblasts, suggesting that FGD1 signaling plays a critical role in osteoblast differentiation and function (8) . Microinjection studies show that FGD1 specifically activates CDC42, a member of the Rho (Ras homology) family of GTPase proteins (4, 5) . A recent study demonstrates that overexpression of FGD1/CDC42 regulates the differentiation of human mesenchymal cells into osteoblasts in vitro (9) . Although impaired FGD1/CDC42 signaling is suspected to be responsible for the skeletal defects in faciogenital dysplasia, the downstream effectors of FGD1/CDC42 and the mechanism by which mutations in FGD1 might affect skeletal mineralization remain unknown.
Because FGD1 is a CDC42 GEF, understanding signaling downstream of CDC42 is key to defining the overall role of FGD1 in osteoblasts. Numerous signaling pathways have been reported to be activated downstream of CDC42, including the p21-activated kinases, the activated CDC42 kinases, a PAR3/6/PKCζ complex involved in cell polarity, the myotonic dystrophy kinase-related CDC42-binding kinases, Wiskott-Aldrich syndrome protein, and the mixed-lineage kinases (MLKs) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Among them, MLK3 belongs to a family of mitogen-activated protein kinase kinases (MAP3K). MLK3 has been best studied as an upstream activator of JNK MAPK. Knockdown of Mlk3 in vitro suggests that MLK3 may have additional roles upstream of p38 or ERK, though the physiologic contexts in which this occurs are unclear (20, 21) . Recently, we demonstrated that MAPK signaling is essential for bone formation and that TAK1, another MAP3K, can regulate osteoblast function through a TGF-β-activated kinase 1-MAPK kinase 3/6-p38-runtrelated transcription factor 2 (TAK1-MKK3/6-p38-Runx2) axis (22) . Interestingly, absence of dorsal midline hair has been reported in Mlk3 -/mice (23) , and absence of midline hair on the vertex has also been reported in patients with FGDY (24) . These observations suggest that further investigation into the link between FGD1 and MLK3 in skeletal mineralization would likely yield new insights into both FGDY and signaling pathways in osteoblasts.
Results
FGD1 and CDC42 are upstream activators of MLK3. To explore the hypothesis that MLK3 is a key mediator of the effects of FGD1 on the skeletal system and, by extension, the human FGDY phenotype, we examined the expression of FGD1 and MLK3 in skeletal tissues. Immunohistochemical staining of serial sections showed robust coexpression of FGD1 and MLK3 in osteoblastlining cells in subchondral trabecular bone, in adjacent osteocytes, and in osteoblasts along the osteogenic fronts in which active growth takes place in the calvarium ( Figure 1A ). We next sought to determine whether FGD1 can activate MLK3 in vitro. Coexpression of FGD1 and MLK3 in 293T cells induced activation of MLK3, as measured by phosphorylation of the critical activa-tion loop sites Thr 277 and Ser 281 ( Figure 1B and ref. 25) . FGD1 can also synergize with CDC42 to further increase CDC42-mediated MLK3 activation, indicating that FGD1 and CDC42 collaborate to induce MLK3 activation ( Figure 1B ). The ability of FGD1 to activate MLK3 suggests that MLK3 and FGD1 might physically interact. Immunoprecipitation of MLK3, followed by Western blotting for FGD1, revealed that these 2 proteins interact when both are ectopically expressed in 293T cells ( Figure 1C ). Interestingly, we found that, compared with that of WT MLK3, the MLK3 kinase-dead mutant displayed a much weaker interaction with FGD1. Coexpression of WT MLK3 with FGD1 induced a mobility shift in FGD1, and this lower mobility band was enriched after immunoprecipitation of MLK3. These data suggest that MLK3 can induce FGD1 phosphorylation and that this phosphorylation event enhances the interaction between MLK3 and FGD1. To examine whether disruption of MLK3 activation might contribute to FGDY, the ability of 5 FGD1 mutants isolated from patients with FGDY (R443H, R522H, 528-insC, R610Q, 1362-insG) to
Figure 1
FGD1 and CDC42 are upstream activators of MLK3. (A) FGD1 and MLK3 expression were examined by immunostaining of adjacent serial sections of proximal tibia and calvaria from 5-day-old mice. Original magnification, ×100. (B) Activation of MLK3 was assessed by blotting for phospho-T277/S281 MLK3 after transfection of 293T cells with constructs encoding proteins as indicated. (C) Coimmunoprecipitation experiments were conducted in 293T cells transfected with FGD1 and MLK3 expression constructs. MLK3 was immunoprecipitated from cell lysates with anti-MLK3 antibody, followed by Western blot analysis with anti-FGD1 antibody. KD, kinase-dead. (D) Activation of MLK3 was assessed as in B following transfection of different FGD1 mutants.
activate MLK3 was examined (7, 26) . Expression of these FGD1 proteins bearing any of the FGDY patient mutations reduced or ablated the robust activation of MLK3 by WT FGD1 ( Figure 1D ). FGD1, CDC42, and MLK3 collaborate to drive Runx2 phosphorylation and activation. Previously, we demonstrated that the p38 MAPK pathway is critical in osteoblast differentiation and bone development through its regulation of Runx2 activity (22) . We next examined whether FGD1, CDC42, and MLK3 can also regulate Runx2 activity and osteoblast differentiation. Coexpression of MLK3 with Runx2 resulted in dramatic activation of the Runx2-responsive luciferase reporter constructs OSE2-luc ( Figure 2A ) and OG2-luc ( Figure 2B ). Coexpression of MLK3 together with Myc-Runx2 resulted in a shift in the electrophoretic mobility of Runx2, which was reversible by treatment with λ phosphatase ( Figure 2C ), confirming that MLK3 can indeed induce Runx2 phosphorylation. A kinase-inactive MLK3 mutant, MLK3-K144A, was unable to increase Runx2 activity, demonstrating that MLK3 kinase activity is required to support Runx2 activation ( Figure 2D ). Consistent with the observation that FGD1 and CDC42 are competent to induce MLK3 activation ( Figure 1B increase Runx2 activity ( Figure 2F ). In addition, the ability of WT FGD1 to potentiate MLK3-induced Runx2 activity was reduced or ablated by the FGD1 mutations found in FGDY ( Figure 2G ). Thus, MLK3 activation downstream of FGD1/CDC42 results in Runx2 phosphorylation and activation, and this pathway is disrupted by the mutations found in human FGDY.
Runx2 activity is intimately linked to osteoblast differentiation and function (27) (28) (29) . Given that MLK3 regulates Runx2 activity, we examined whether MLK3 can promote osteoblast functions. FGD1, CDC42, and MLK3 are all expressed in human pluripotent mesenchymal stem cells (hMSCs) (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI59041DS1), which can be differentiated into osteoblasts under proper culture conditions (29, 30) . Consistent with MLK3 increasing Runx2 transcriptional activity, ectopic expression of MLK3, but not MLK3 K144A , in hMSCs promoted osteoblast differentiation, determined by both Fast Blue staining for alkaline phosphatase (ALP) and Von Kossa staining for mineralization (Supplemental Figure 2 , A and B). Likewise, knockdown of MLK3 blocked osteoblast differentiation. This effect could be replicated with 2 independent shRNAs and correlated with the level of reduction in MLK3 protein (Supplemental Figure 2 , C-E). Moreover, expression of mouse MLK3, which is not targeted by the shRNAi constructs directed against human MLK3, was able to rescue the effects of MLK3 knockdown, in terms of both ALP activity ( Figure 3A ) and mineralization capacity (Supplemental Figure 2F ), proving the specificity of the knockdown results.
MLK3 promotes osteoblast differentiation through p38 and ERK MAPK. To probe the mechanisms by which MLK3 influences osteoblast differentiation, MLK3-expressing cells were treated with inhibitors of different MAPKs, including p38, ERK, or JNK MAPK pathways. Only cotreatment with both ERK and p38 inhibitors could reverse the ability of MLK3 to promote osteoblast differentiation, in terms of both ALP activity ( Figure 3 , B and C) and mineralization capacity ( Figure 3C ), indicating that both p38 and ERK pathways are important for MLK3-mediated osteoblast differentiation. Both ERK and p38 MAPK pathways have been implicated in the phosphorylation and activation of Runx2 (22, 31) . Consistent with a role for MLK3 upstream of both ERK and p38, mass spectroscopy analysis reflected that coexpression of MLK3 with Runx2 in 293T cells induced Runx2 phosphorylation at both previously identified ERK-mediated (S28, S282, S301, and S319) and p38-mediated (S28, S244, S301, S319, and S472) phosphorylation sites ( Figure 3D , Supplemental Figure  3A , and Supplemental Table 1 ). Additionally, we believe S395 was identified as a novel Runx2 phosphorylation site induced by MLK3, although it is unclear whether its phosphorylation is mediated by p38 or ERK or whether this reflects the activity of a novel pathway downstream of MLK3. We mutated 3 of the overlapping phosphorylation sites (S28, S301, and S309) to alanine and found that MLK3induced Runx2 activity is dramatically impaired ( Figure 3E ). Thus, MLK3 functions as an upstream activator of p38 and ERK MAPKs in osteoblasts, and p38/ERK, in turn, phosphorylates and activates Runx2 to promote osteoblast differentiation.
Mlk3 -/osteoblasts showed a reduction in the phosphorylation of both p38 and ERK1/2 by both Western blotting ex vivo ( Figure  4A ) and immunohistochemistry for phospho-p38 and phospho-ERK in vivo (Supplemental Figure 4A ). Previously, we demonstrated a role for TAK1 in mediating p38 activation downstream of BMP2/7 in osteoblasts (22) . Mlk3 -/osteoblasts showed reduced levels of both p38 and ERK activation after BMP2/7 stimulation (Supplemental Figure 4B) . These results confirm that MLK3 is a physiologic activator of ERK and p38 MAPK in osteoblasts in vivo, validating previous observations that MLK3 functions upstream of ERK and p38 in vitro (21) . The expression of MKK3 and MKK6, 2 p38 signaling intermediates, was unchanged in the absence of MLK3 (Supplemental Figure 4A ), indicating that reduced p38 phosphorylation in the absence of MLK3 is not due to altered MAP2K expression. Previously, we showed that p38-mediated Runx2 phosphorylation increased the ability of Runx2 to interact with CREB-binding protein (CBP) (22) . To assess the effects of MLK3 on the interaction between Runx2 and CBP, Myc-Runx2 was expressed in WT and Mlk3 -/calvarial osteoblasts. Consistent with a function for MLK3 in activating p38, which, in turn, promotes the CBP/Runx2 interaction, immunoprecipitation with anti-CBP and blotting for Myc-Runx2 revealed reduced levels of CBP/Runx2 interaction in the absence of MLK3 (Supplemental Figure 4C) .
Thus, MLK3 is critical for osteoblast differentiation and mineralization in vitro, and this activity is mediated by the ability of MLK3 to regulate Runx2 both via ERK and p38 MAPK-induced phosphorylation.
Mlk3 -/mice display impaired skeletal mineralization and spontaneous tooth fracture. To extend these in vitro observations, we next examined the contribution of MLK3 to skeletal development in vivo by analyzing the bone phenotype of Mlk3 -/mice (Figure 4 , B-I). Many patients with FGDY display a generalized delay in the ossification of multiple bony structures. Compared with that of WT controls, Mlk3 -/mice displayed delayed calvarial development, with postnatal day 5 pups showing hypomineralization of the frontal bone ( Figure  4B ), and 100% of 3- to 4-week-old mice showing persistent defects along the coronal suture ( Figure 4B ). To quantitate the extent of the hypertelorism, the distance between the left and right insertion sites of the zygomatic arch was measured and found to be increased in Mlk3 -/mice, a finding consistent with the hypertelorism characteristic of FGDY (Supplemental Figure 5A and ref. 32 ). Additionally, we found that 3.5-week-old Mlk3 -/mice were osteopenic, with an approximately 50% reduction in femoral trabecular bone volume/ total volume (BV/TV) analyzed, which was largely accounted for by a decrease in trabecular number ( Figure 4 , C and D). Consistent with this decrease in skeletal mineralization, expression of characteristic osteoblast marker genes, osteocalcin (Ocn, also known as OC) and collagen Iα (Col1a1), was reduced in osteoblasts in vivo ( Figure 4E ). This decrease was specific, as levels of the marker gene secreted phosphoprotein 1 (also known as osteopontin [Opn]) were unchanged ( Figure 4E ). Confirming that the osteopenia observed in Mlk3 -/mice reflects impaired osteoblast activity, histomorphometric analysis also demonstrated reduced bone mass and decreased osteoblast synthetic capacity. Compared with that of WT controls, Mlk3 -/mice at 3.5 weeks of age had significant reductions in both bone volume and bone formation rate (Figure 4 , F-H, and Supplemental Table 2 ). Mlk3 -/mice had a 49% decrease in cancellous bone volume and trabecular number, with a concomitant increase in trabecular spacing. Bone formation rate, when expressed per bone surface, bone volume, or tissue volume, was decreased (by 28%, 29%, and 61%, respectively). The number of osteoblasts per bone surface area and the percentage of actively mineralizing bone surface were not significantly changed, arguing that the decrease in the bone formation rate and mineral apposition rate (reduced 21%) reflects an intrinsic defect in osteoblast matrix synthetic capacity as opposed to a generalized paucity of osteoblasts.
In addition to skeletal defects, defects in tooth development are also present in patients with FGDY (2, 33, 34) . In support of a role for FGD1 in tooth development, immunohistochemistry demonstrated that FGD1 was expressed in both ameloblasts and odontoblasts, which produce tooth enamel and dentin (Supplemental Figure 5B) . Interestingly, 5-day-old Mlk3 -/mice displayed a marked reduction in the volume of tooth dentin (Supplemental Figure 5 , C-E), and all Mlk3 -/mice developed spontaneous fracture of the incisors by 3 to 4 weeks of age ( Figure 4I ). Histologic characterization of the teeth of Mlk3 -/mice revealed a disorganization of the basolateral surface of the odontoblast layer (Supplemental Figure 5F ). To better understand the role of MLK3 in odontoblast cells, we infected the T4-4 odontoblast cell line with Mlk3-specific shRNA lentivirus and found that depletion of MLK3 in odontoblast cells reduced their mineralization capacity and expression of the odontoblast marker gene dentin sialophosphoprotein (Dspp) and dentin matrix component dentin matrix acidic phosphoprotein 1 (Dmp1) (Supplemental Figure 6, A and B, and ref. 35 ). Consistently, expression of DSPP was reduced in MLK3-knockout mice in vivo (Supplemental Figure 6C ). Thus, in vivo and in vitro analyses support the conclusion that MLK3 is a physiologic regulator of osteoblast differentiation and bone development. Additionally, MLK3 plays a critical role in the development of tooth dentin, and absence of MLK3 results in severe dental defects.
Knockin mice expressing a mutant MLK3 resistant to FGD1 activation demonstrate the physiologic relevance of the FGD1/CDC42/MLK3 pathway. A motif-based search analysis revealed that MLK3 can potentially interact with CDC42 via a CDC42/Rac interactive binding (CRIB) region (36, 37) . According to this, mutation of the CRIB motif (I492A, S493A) might render MLK3 refractory to activation by FGD1. We found that the MLK3 CRIB mutant (hereafter referred to as the MLK3 m3cb mutant) was resistant to FGD1-induced MLK3 activation, as measured by MLK3 phosphorylation ( Figure  5A ). When compared with WT MLK3, MLK3 m3cb did not fully support Runx2 activation, as measured by Runx2-induced luciferase activity ( Figure 5B ). We next asked whether MLK3 is a physiologically relevant downstream effector of FGD1 in vivo by examining mice homozygous for a knockin allele of the CRIB mutant MLK3. These mice, hereafter referred to as Mlk3 m3cb mice, displayed a skeletal phenotype similar to that of Mlk3 -/mice, demonstrating that activation of MLK3 by FGD1/CDC42 is essential for MLK3 function in vivo. As seen in Mlk3 -/mice, all Mlk3 m3cb mice examined showed impaired calvarial ossification, most prominently in the frontal bone at 3 to 4 weeks of age ( Figure 5C ). Likewise, Mlk3 m3cb mice showed a similar degree of reduction in trabecular BV/TV ( Figure 5 , D and E) as that of Mlk3 -/mice. In situ hybridization also revealed a similar spectrum of impairments in osteoblast-specific gene expression, with a modest reduction in Col1a1, Bsp, and OC and relative sparing of Opn expression ( Figure 5F ). All Mlk3 m3cb mice examined also showed spontaneous fracture of the incisors ( Figure 5G ). Thus, Mlk3 m3cb mice recapitulate the defects seen in Mlk3 -/mice with striking fidelity, supporting the idea that FGD1/ CDC42 is the predominant upstream activator of MLK3 in vivo.
Lastly, to directly demonstrate the importance of the FGD1/ CDC42/MLK3 signaling axis in osteoblast differentiation, we differentiated WT and Mlk3 m3cb bone marrow stromal cells into osteoblasts. Consistent with the defects observed in vivo, Mlk3 m3cb osteoblasts displayed impaired differentiation, as evidenced by decreased ALP activity and mineralization ( Figure 5H) . Additionally, the expression of several osteoblast marker genes, such as Col1a1, Bsp, and OC, was reduced (Supplemental Figure 7A) . Atf4 also showed a modest but significant reduction in expression. Thus, Mlk3 m3cb mice display substantial defects in osteoblast functions, both in vivo and in vitro, validating the importance of the FGD1/CDC42/MLK3 pathway.
Discussion
The rarity of patients with FGDY, combined with the difficulty of obtaining human skeletal tissue, has hampered progress in understanding the molecular mechanisms underlying FGDY. Here, we provide evidence that FGD1 genetic lesions causative for FGDY disrupt a signaling cascade through CDC42 and MLK3, and MLK3 in turn activates Runx2 through p38 and ERK MAPK. Complimenting this biochemical analysis, in vivo genetic ablation of this pathway via either an Mlk3-knockout allele or knockin of an Mlk3 allele that is resistant to FGD1 activation both result in a nearly identical set of skeletal defects. These observations establish a FGD1/CDC42/MLK3/p38/ERK/RUNX2 signaling axis as a physiologic regulator of bone development in vivo, and this pathway is disrupted by FGD1 mutations found in patients with FGDY. These results provide what we believe to be a novel mechanism for the pathogenesis of human FGDY and suggest that modulating MAPK signaling may be of therapeutic benefit for patients with FGDY.
To address the possibility that this signaling pathway might also regulate osteoclast differentiation, osteoclasts were differentiated from bone marrow cells or splenocytes in vitro. Neither absence of MLK3 nor the MLK3 CRIB mutation had any influence on osteoclast differentiation capacity (Supplemental Figure 7 and ref. 38 ). Furthermore, Mlk3 -/mice had similar numbers of osteoclasts in vivo, and Mlk3 m3cb mice had unaltered levels of the serum biomarker for osteoclast activity, the collagen-derived CTX peptide (Supplemental Figure 7 and ref. 39) . When considered alongside the histomorphometry data demonstrating decreased bone formation rates in Mlk3 -/mice, it is likely that the decrease in skeletal mineralization observed in Mlk3 -/and Mlk m3cb mice is attributable to a decrease in osteoblast functional capacity as opposed to an increase in osteo- clast function. Interestingly, CDC42 has recently been implicated in osteoclast differentiation (40) . The finding that MLK3 contributes to osteoblast but not osteoclast differentiation downstream of CDC42 suggests substantial tissue-specific differences in the selection of downstream effectors by CDC42. Notably, while the phenotype of the Mlk3 m3cb mice implicates FGD1 and CDC42 as upstream activators of MLK3 in osteoblasts, it does not exclude that other effectors of CDC42 may also play critical roles in osteoblast differentiation and function. Further study of the methods by which CDC42 effectors are selected in osteoblasts is warranted.
In addition to insights specifically related to FGDY, the examination of MLK3 in bone yields insights relevant to general bone biology. In particular, this study establishes MLK3 alongside TAK1 as a MAP3K relevant to osteoblast differentiation in vivo. Whereas TAK1 only regulates p38 MAPK in osteoblasts, MLK3 contributes to both p38 and ERK activation, validating previous in vitro studies (20, 21, 41) . Given that both MLK3 and TAK1 contribute to p38 activation, it will be of particular interest to examine how these roles are coordinately regulated and what, if any, overlap exists between the 2 MAP3K in vivo. Of note, whereas both MLK3 and TAK1 were previously well studied as regulators of JNK MAPK, JNK regulation in osteoblasts is independent of either TAK1 or MLK3. Thus, the MAP3K responsible for JNK activation in osteoblasts in vivo remains elusive, and substantial differences exist between MAPK signaling pathways in osteoblasts and those in other cell lineages. This also suggests that defects in JNK signaling are unlikely to be a primary cause of the skeletal manifestations of FGDY.
Intriguingly, studies in Caenorhabditis elegans have identified FGD1 as an evolutionarily conserved mediator of secretory cell development, a finding parallel to our observations in mammalian osteoblasts (42, 43) . Given that MLKs such as MLK3 are also conserved as far back as C. elegans, this raises the intriguing possibility that an ancient precursor of the FGD1/CDC42/MLK3 pathway regulated the differentiation of secretory cell types in invertebrates and was then co-opted for use in osteoblasts with the advent of vertebrate life. Thus, further examination of MLK3, both in the specific context of human FGDY and in the general context of the evolution of skeletal structures, will be informative.
Methods
Mice. Mlk3 -/mice were previously described (23) . Mlk3 m3cb mice were constructed by knockin of a CRIB motif mutant Mlk3 (I492A, S493A) allele, and construction of this strain is also described in Kant et al. (44) . Briefly, a genomic fragment of the Mlk3 gene that includes exons 4-7 was used to introduce 2 point mutations in exon 7 (I492A, S493A) together with a floxed Neo R cassette. Conventional gene targeting was used to produce targeted C57BL/6 ES cells. These ES cells were injected into C57BL/6J blastocysts to produce chimeric mice that were bred to obtain germ-line transmission. The floxed Neo R cassette was excised with Cre recombinase. The heterozygous Mlk3 m3cb animals were crossed to obtain homozygous Mlk3 m3cb mice. All mice analyzed were on the C57BL/6 background. For all control mice analyzed, age- and gender-matched WT C57BL/6 mice housed in the same facility were used.
Plasmids. PCMVsport6-FGD1 and pCMVsport6-MLK3 plasmids were purchased from Openbiosystems. All FGD1 and MLK3 mutations were made by using a QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. The Runx2 expression plasmids were the gift of Gerard Karsenty (Columbia University, New York, New York, USA). The multimerized OSE2-luc (6xOSE2) construct and OG2-luc construct were obtained from Bjorn Olsen (Harvard University, Cambridge, Massachusetts, USA).
Osteoblast, osteoclast, and odontoblast differentiation analysis. For ALP staining, osteoblasts were fixed with 10% neutral buffered formalin and stained with Fast Blue and Naphthol (Sigma-Aldrich). For quantitative determination of ALP activity, osteoblasts were incubated with Alamar Blue and 6.5 mM Na2CO3, 18.5 mM NaHCO3, 2 mM MgCl2, and phosphatase substrate (Sigma-Aldrich). ALP activity was then read with a luminometer (Thermo Electron). For Von Kossa staining of extracellular matrix mineralization, cells were fixed with 10% neutral formalin buffer and stained with 2.5% silver nitrate (Sigma-Aldrich). Analysis of osteoclast differentiation and TRAP staining was performed as previously described (45) . Serum CTX was measured using the Rat Laps EIA Kit (Immunodiagnostiosystems). The odontoblast T4-4 cell line was cultured under conditions identical to those used for osteoblasts above, except that the medium additionally contained 10 nM dexamethasone. The T4-4 cell line was a gift from Anne George (University of Illinois at Chicago, Chicago, Illinois, USA).
μCT analysis. Skulls and femurs were scanned on a Scanco μCT 35. Femurs and skulls were scanned at 7- and 20-micron resolution, respectively. For analysis of femoral bone mass, a region of trabecular bone 2.1-mm wide was contoured, starting 280 microns from the proximal end of the distal femoral growth plate. Femoral trabecular bone was thresholded at 211 permille. Femoral cortical bone was thresholded at 350 permille, and calvarium was thresholded at 260 permille. A Gaussian noise filter optimized for murine bone was applied to reduce noise in the thresholded 2D image. 3D reconstructions were created by stacking the thresholded 2D images from the contoured regions.
Luciferase reporter assays. Murine C3H10T1/2 cells grown on 12-well plates were transiently transfected using Effectene (Qiagen) with the Runx2responsive reporter construct (OSE2-luc or OG2-luc) and the Renilla luciferase vector (Promega), together with plasmids encoding MLK3, FGD1, and RUNX2. Total amounts of transfected DNA were kept constant by adding the appropriate control vector. Forty-eight hours after transfection, cells were lysed in 1xPassive Lysis Buffer (Promega), and luciferase activity was measured using the Dual Luciferase Assay Kit (Promega).
RNA extraction and real-time PCR. Total RNA was extracted using TRIzol (Qiagen), and cDNA was synthesized using the Affinityscript Kit (Agilent) and analyzed by real-time PCR using a Stratagene Mx3005.
Figure 5
Mlk3 m3cb mice demonstrate the physiologic relevance of the FGD1/ CDC42/MLK3 pathway. (A) FGD1-induced MLK3 T277/S281 phosphorylation was assessed by Western blot after transfection of 293T cells with indicated constructs, including WT MLK3 or MLK3 CRIB mutant (I492A, S493A). The expression of transfected protein was examined by Western blot as well. (B) The effects of FGD1, MLK3, and MLK3 CRIB mutant (I492A, S493A) on Runx2 activity were assessed by analyzing Runx2-responsive OG2-luc activity (*P < 0.01). In situ hybridization and immunohistochemistry. In situ hybridization was performed as previously described (22) . Briefly, DIG-labeled antisense probes were generated to detect Col1a1, Bsp, OC, Dspp, and Opn mRNA expression. Probes were then hybridized with paraffin sections and visualized using an anti-DIG HRP conjugate system.
Immunohistochemistry was performed as previously described (22) . Anti-FGD1 antibody was obtained from Aviva Systems Biology; anti-MKK3, phospho-p38, and phospho-ERK antibodies were obtained from Cell Signaling Technology; anti-MKK6 was obtained from Biolegend; and anti-MLK3 and anti-Cdc42 were obtained from Santa Cruz Biotechnology Inc.
Statistics. All statistical analysis was performed with the Prism software package. Two-tailed Student's t tests were used throughout. A P value of less than 0.05 was considered significant. All values graphed are mean ± standard deviation.
Study approval. All mouse experiments were conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School.
